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The influent variables (temperature, solutes, PO2 and PCO2 levels) were stable 12 during 120 min of HMP. The temperature was maintained at a mean of 9.26± 13 0.88℃, ranging from 7.9 to 10.5℃. There was little variation in any solute during 14 the HMP time (Na + 144.93±0.70 mmol/L, K + 5.49±0.28 mmol/L, Ca 2+ 0.85±0.03 15 mmol/L). The PH, PO2 and PCO2 levels were also maintained at means of 7.20± 16 0.04, 113.73±1.03 mmHg and 37.67±5.67 mmHg, respectively. 17 The dynamic pulmonary compliance was stable during HMP. The dynamic 18 pulmonary compliance at baseline and after 120 min of HMP were 25.77±7.18 19 ml/cmH2O and 26.46 ± 7.10 ml/cmH2O, respectively (P=0.76; 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Microthrombi in Microthrombi in Microthrombi in Microthrombi in the the the the donor lungs just before trans donor lungs just before trans donor lungs just before trans donor lungs just before transplantation plantation plantation plantation 1 The biopsy specimens were collected from 5 donor lungs in the HMP group and 4 2 donor lungs in the SCS group. Residual microthrombi in the donor lungs just before 3 transplantation were microscopically assessed to prove the wash-out effects of HMP. 4 Residual blood cells or blood clots in the capillaries were observed more often in the 5 SCS group (4/4 specimens; The lung tissue ATP levels were measured before cardiac arrest, after warm 10 ischemia, and 4 h after reperfusion to evaluate the mitochondrial function. In the 11 HMP group, the lung tissue ATP levels, which decreased during warm ischemia, 12 were significantly improved 4 h after reperfusion (P<0.05; 2). The ATP levels before cardiac arrest 15 and after warm ischemia were 6.33±0.79 and 2.68±1.07 nmol/mg・dw, respectively. 16 The ATP levels 4 h after reperfusion in the HMP group and in the SCS group were 17 4.53±0.38 and 3.07±0.94 nmol/mg・dw, respectively. 18
19
Oxidative damage during HMP and reperfusion Oxidative damage during HMP and reperfusion Oxidative damage during HMP and reperfusion Oxidative damage during HMP and reperfusion 20 Malondialdehyde is one of the most commonly used markers for lipid peroxidation 21 (12). The malondialdehyde levels in the perfusate were measured at baseline and 22 after 120 min of HMP to assess the oxidative damage that occurred during HMP. 23 HMP did not increase the malondialdehyde levels in the perfusate; the 24
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The TNF-α levels were significantly lower in the HMP group than in the SCS 10 group (HMP group: 5.83±3.22 pg/ml, SCS group: 54.15±29.36 pg/ml, P<0.01; 3C 3C 3C 3C). The IL-6 levels were also significantly lower in the HMP group compared with 12 the SCS group (HMP group: 1.55±0.74 pg/ml, SCS group: 3.63±1.15 pg/ml, P<0.05; 13
Fig .  Fig. Fig.  Fig. 3D 3D 3D 3D The lung oxygenation and dynamic pulmonary compliance were significantly better 17 in the HMP group than those in the SCS group (P<0.01; Fig  Fig Fig  Figs s Transplantation   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The current study utilized a clinically relevant uncontrolled DCD model. We chose 4 8 h of warm ischemia to possibly expand the donor pool for lung transplantation, 9 although the Madrid groups reported a maximum warm ischemic time of 2 h (3,13). 10 The retrieval of lungs after cardiac death requires an intermediate period to be 11 transported to the transplant center, so we added 12 h of SCS right before HMP. 12 Dutkowski et al. suggested that 1-2 h of HMP should be performed during the 13 recipient preparation without delay of the transplant procedure (10). We previously 14 reported that 1 h of HMP significantly improved the rat lung tissue ATP levels, 15 which had decreased during warm ischemia (11). In the current study, DCD lungs, 16 which were injured by 4 h of warm ischemia and additional 12 h of cold ischemia, 17 could be resuscitated by 2 h of HMP. 18 This study found that short-term HMP could be performed safely for DCD 19 lungs, not inducing any significant amount of oxidative damage. which was indicated by the fact that the malondialdehyde levels in the perfusate 7 did not increase during HMP. stress imposed on cooled lungs (21). Therefore, the current study adopted the 19 ventilation mode reduced respiratory rate and tidal volume during HMP, which 20 resulted in stable dynamic pulmonary compliance and the elimination of residual 21 microthrombi. 22 The current study demonstrated that short-term HMP could improve the 23 mitochondrial function following injury due to warm ischemia, and decrease the 24
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ScholarOne support: (434) 964 4100 Transplantation   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 oxidative damage and production of proinflammatory cytokines during reperfusion. 1 Unlike other tissues that are transplanted, lung cells are able to maintain aerobic 2 metabolism using the oxygen present in the alveoli during SCS (22). In the SCS 3 group, the lung ATP levels, which decreased during warm ischemia, were improved 4 a little, but the improvement was significantly lower than that in the HMP group. 5 HMP could continue to provide the essential substrates for cell metabolism and 6 restore the lung tissue ATP levels. The reintroduction of oxygen to impaired 7 mitochondria at reperfusion leads to a significant production of ROS, which damage 8 proteins, lipids and DNA (6). The serum malondialdehyde levels after reperfusion 9 were significantly lower in the HMP group compared with the SCS group. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 metabolically active under normothermic conditions, and thus normothermic 1 perfusion might allow better reconstitution of the lung tissue ATP stores. However, 2 normothermic perfusion requires that the physiological environment is completely 3 recreated with full nutritional support. Hypothermia decreases the metabolic rate 4 of the organ and could be used as a means for lung rest in the acutely injured lung 5 (21). This study demonstrated that HMP could continue to provide the essential 6 substrates for cell metabolism and restore the lung tissue ATP levels under the 7 slow-metabolic-rate conditions. 8
This study had several limitations. First, although we simulated a clinically 9 relevant uncontrolled DCD model, cardiac arrest was induced by intravenous 10 injection of potassium chloride. Such an abrupt cardiac arrest may have been 11 removed from clinical reality, in that there was not an agonal phase, which is an 12 important variable component of DCD (28). Second, the lung tissue ATP levels were 13 measured after warm ischemia and reperfusion. It might be easier to prove the 14 metabolic benefits of HMP if the ATP levels were measured just before and after 15 HMP. 16 In conclusion, short-term HMP could resuscitate DCD lungs injured by 17 prolonged ischemia, and ameliorate ischemia-reperfusion injury. First, short-term 18 HMP washed-out residual microthrombi in the donor lungs. Second, short-term 19 HMP improved the ATP production by the mitochondrial electron transport chain, 20 which led to the significant decrease in oxidative damage and production of 21 proinflammatory cytokines after reperfusion compared to SCS. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The donor procedures, including anesthesia, induction of cardiac arrest, and 14 antegrade and retrograde flushes of the lungs, were described in detail in a separate 15 publication (29). Cardiac arrest was induced by the intravenous injection of 16 potassium chloride (0.5 mEq/kg) without heparinization. Four hours after cardiac 17 arrest, the donor lungs were retrieved, and then they were divided into 2 groups 18 (n=5 each). The lungs in the SCS group were stored in an inflated state with oxygen 19 fraction of 0.5 at 4℃ for 14 h using ET-Kyoto solution (Otsuka Pharmaceutical  20 Factory Inc, Tokushima, Japan) (30). The lungs in the HMP group were stored in an 21 inflated state with oxygen fraction of 0.5 at 4℃ for 12 h using ET-Kyoto solution, 22 and then reconditioned by 2 h of HMP. In both groups, the left lung was then 23 transplanted to a recipient as previously described (29 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 reinflated and mechanically ventilated with FiO2 of 1.0, and then reperfused for 4 h 1 to evaluate the posttransplant lung functions. The right pulmonary artery was 2 occluded with a tourniquet 45 min after reperfusion to specifically evaluate the 3 functions of the transplanted lung. The pulmonary arterial pressure and peak 4 airway pressure (PawP) were continuously monitored throughout the experiments. 5 Dynamic pulmonary compliance was defined as tidal volume/(PawP -PEEP) 6 (ml/cmH2O). A blood gas analysis was performed using blood collected from the 7 femoral artery at selected time points. Lung tissue biopsy samples collected from 8 the left middle lobe 4 h after reperfusion were weighed to obtain the wet lung 9 weight, placed in an oven at 180℃ for 24 h, and then reweighed to obtain the dry 10 lung weight. The wet to dry lung weight ratio was calculated to evaluate the 11 presence of pulmonary edema. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 influent PCO2 of around 40 mmHg. The temperature of influent was continuously 1 monitored, and was maintained around 10 ℃ (31). The influent solute 2 concentrations, PO2, and PCO2 levels were recorded every hour. The pulmonary 3 arterial pressure and peak airway pressure were continuously monitored, and the 4 physiological lung functions (dynamic pulmonary compliance and pulmonary 5 vascular resistance) during HMP were evaluated every 30 min. Recruitments were 6 performed to ensure a peak airway pressure of 25 cmH2O every 30 min prior to each 7 evaluation. Dynamic pulmonary compliance was defined as described above. 8 Pulmonary vascular resistance was defined as (pulmonary arterial pressure -left 9 atrial pressure)/ pulmonary arterial flow (mmHg/L Lung tissue biopsy specimens were collected from the right lung before cardiac 13 arrest and after warm ischemia, and then were collected from the left upper lobe 4 h 14 after reperfusion. ATP levels were measured by high-performance liquid 15 chromatography using a Shim-pack CLC-ODS column (15 cm×6.0 mm; Shimadzu, 16 as described previously (32). 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 wavelength of 532 nm. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 was performed using Student's t-test and a repeated-measures analysis of variance 1 (ANOVA). A p value < 0.05 was considered to be statistically significant. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Transplantation   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41 Transplantation   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41 Transplantation   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41 Transplantation   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41 Transplantation   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41 A † † Transplantation   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41 Transplantation   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41 Transplantation   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42 
